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PROGRAM AND CHARTS FOR DETERMINING SHOCK TUBE,
EXPANSION TUBE, AND EXPANSION TUNNEL
FLOW QUANTITIES FOR REAL AIR

By Charles G. Miller III and Sue E. Wilder
Langley Research Center

SUMMARY

A computer program written in FORTRAN IV language is presented which deter-
mines shock tube, expansion tube, and expansion tunnel flow quantities for real-air test
gas. For the shock tube phase of the program, flow conditions behind the incident shock
into the quiescent test gas are determined from the pressure and temperature of the |
quiescent test gas in conjunction with (1) incident-shock velocity, (2) static pressure
immediately behind the incident shock, or (3) pressure and temperature of the driver gas
{imperfect hydrogen or helium). The effect of shock reflection at the secondary dia-
phragm of the expansion tube, resulting in a standing or a totally reflected shock, is
included. Expansion tube test-section flow conditions are obtained by performing an
isentropic unsteady expansion from conditions behind the incident shock, standing shock,
or totally reflected shock to either the test region velocity or static pressure, Expansion
tunnel test-section flow conditions are obtained by performing an isentropic steady expan-
sion from expansion tube free-stream conditions to either the nozzle test region velocity
or static pressure. Botha thermochemical-equilibrium expansion and a {rozen expansion
for the expansion tube and expansion tunnel are included. The effect of flow attenuation
along the acceleration section of the expansion tube is included for an equilibrium expan-
sion. Flow conditions immediately behind the bow shock of a model positioned at the test
section of a shock tube, expansion tube, or expansion tunnel are determined. A listing of
the computer program is presented along with a description of inputs required and
‘samples of the data printout. Charts which provide a rapid estimation of expansion tube
performance prior to a test are included.

INTRODUCTION
Experimental studies using air as the test gas have been initiated in the Langley
§-inch expansion tube, and a number of studies are expected to be performed in the
Langley expansion tunnel. Prior to performing studies in these facilities, it is essential
for the investigator to ascertain the theoretical performance of the facility because of the



wide range of flow conditions which may be generated and the very short test times (less
than 300 psec or so) which place stringent requirements on facility instrumentation.

Thus, a knowledge of the magnitude of physical quantities to be measured is required,
After a test, a convenient means for determining expansion tube and expansion tunnel

flow conditions from measured quantities is desirable. Although a number of theoretical
studies have been directed toward prediction of expansion tube and expansion tunnel per-
formance with air as the test gas (for example, refs. 1 to 4), these studies were primarily
concerned with simulation or duplication of conditions experienced by high-velocity, earth-
entry vehicles,

The primary purposes of the present study are (1) to furnish a convenient, versatile,
accurate computer program for determining shock tube, expansion tube, and expansion
tunnel flow quantities in real air from combinations of measured flow quantities and
(2) to provide charts for rapid estimation of facility performance prior to a test. This
program is similar to the real-gas mixture study of reference 5; however, a number of
differences exist between these two programs. The present program requires much
less computer time, with no appreciable sacrifice in accuracy, than the program of refer-
ence 5. Such a reduction in computer time is a significant factor in data reduction, since
most of the testing in the Langley 6-inch expansion tube is performed with air as the test
gas.

Operating experience with the Langley 6-inch expansgion tube and operation of this
expansion tube as a shock tube demonstrated the desirability for options other than those
presented in reference 5. Results included herein, but not in reference 5, are (1) charts
illustrating predicted shock tube performance with hydrogen and helium driver gases for
a range of driver gas pressure and temperature, (2) a totally reflected shock, as well as
a standing shock, at the secondary diaphragm, (3) real air as the acceleration gas, (4) the
effect of wall boundary layer on shock tube and acceleration section air flow for laminar
(ref. 6) and/or turbulent (ref. 7) boundary layers, (5) the effect of flow attenuation along
the acceleration section, (6) imperfect (intermolecular) air effects permitting calculations
at higher pressures than permissible with reference 5, (7) determination of expansion
tunnel test-section flow conditions from measured nozzle free-stream velocity or static
pressure, and (8) charts which provide a convenient means for properly preparing facility
instrumentation and determining the level of quiescent test gas and acceleration gas pres-
sures for a test,

The procedures for determining shock tube, expansion tube, and expansion tunnel
flow quantities for real air are incorporated into a single computer program written in
FORTRAN IV language. Required program inputs are listed and described in appendix A.

A flow chart and a listing of the program are also presented in appendix A along with
sample data printouts.



SYMBOLS

The International System of Units (Si) is used for all physical quantities in the pres-
ent study. Conversion factors relating SI Units to U.S. Customary Units are given in
reference 8.

A

sW,/R

cross-sectional area, m2

speed of sound, m/sec

shock tube or expansion tube inside diaméter, m

specific enthalpy, m2/sec2 (J/kg)

length of acceleration section, m

distance measured downstream from secondary diaphragm, m

distance between incident shock in region @ and test-air—driver-gas
interface, m (see fig. 1)

Mach number, U/a

incident shock Mach number, Ug/a

unit Reynolds number, pU/u, m-1

pressure, N/m2

stagnation point convective heat-transfer rate, W/ m2
universal gas constant, 8.31434 kJ /kmol-K

radius, m

gpecific entropy, kJ/kg-K

nondimensional specific entropy



Z*

temperature, K

test time, sec

velocity, m/sec

interface velocity, m/sec

reflected shock velocity, m/sec

incident shock velocity, m/sec

molecular weight, kg /kmol

molecular weight of undissociated air, 28.967 kg,/kmol

distance between primary diaphragm station and incident shock in
region @, m (see fig, 1)

distance behind incident shock in region (D, m (see fig. 1)
mole fraction
compressibility factor, pW,_/pRT

number of kmol of dissociated air per number of kmol of undissociated
air, Wy/w

ratio of gpecific heats

isentropic exponent, (S%OQ) y
02 P/sW, /R
u

defined by Z*=1 + &
nozzle boundary-layer displacement thickness, m

coefficient of viscosity, N-sec/m2



P density, kg/m3

T time interval between arrival of incident shock and interface, sec
Subscripts:
A denctes region @ for no standing shock at secondary diaphragm, region

for standing shock, and region @ for reflected shock (see fig, 1)

a atom

eff effective (based on mass flow considerations)

f frozen

geo geometric

i ideal

k k= 2 denotes shock tube flow, k=5 denotes expansion tube flow, and

k = 6 denotes expansion tunnel flow

m molecule

max maximum

n model nose

t,2 stagnation conditions behind normal bow shock at shock tube test section

t,b stagnation conditions behind normal bow shock at expansion tube test section
t,6 stagnation conditions behind normal bow shock at expansion tunnel test section
w wall

distance behind incident shock in region @ , m (see fig. 1)



1 state of quiescent air in front of incident shock in shock tube (intermediate
section of expansion tube)

2 state of air behind incident shock in shock tube

28 state of air behind standing shock at secondary diaphragm or normal
bow shock at shock tube test section

2r state of air behind reflected shock at secondary diaphragm

3 state of expanded driver gas

4 initial driver gas conditions

5 state of test air in expansion tube test section

5s static conditions behind normal bow shock at expansion tube test section
6 state of test air in expansion tunnel test section

6s static cogditions behind normal bow shock at expansion tunnel test section
10 state of quiescent acceleration gas in front of incident normal shock in

acceleration section

20 state of acceleration gas behind incident normal shock in acceleration section
Superscript;
* conditions at nozzle throat

FACILITIES, ANALYSIS, AND PROCEDURE

Before the procedures for determining shock tube, expansion tube, and expansion
tunnel flow quantities are discussed, a brief description of thege facilities is given. Next,
the source of imperfect real-air thermodynamic properties is briefly discussed. After
these discussions, the procedures for determining free-stream and post-normal-shock
flow conditions for the shock tube, expansion tube, and expansion tunnel are presented.



Description of Shock Tube, Expansion Tube, and Expansion Tunnel

Shock tube.- The shock tube is a tube, generally cylindrical, divided by a high-
pressure diaphragm into two sections. The upstream section is the driver or high-
pressure section. This section is pressurized with a gas having a high speed of sound,
such as unheated or heated hydrogen or helium. (Greater operation efficiency is realized
with gases having a high speed of sound.) The downstream section is referred to as the
driven or low-pressure section and the cross section is constant and generally circular.
The driven section is usually evacuated and then filled with the test gas at ambient tem-
perature. As illustrated in figure 1(a), the driver gas at time of diaphragm rupture is
designated as region @ and the quiescent test gas is designated as region @ Upon
rupture of the diaphragm, an incident shock wave propagates into region @ with veloc~
ity Us,l‘ Flow conditions immediately behind this shock are denoted as region @

{tig. 1(b)), and shock tube testing takes place in the flow region from immediately behind
this incident shock wave io the test-gas—driver-gas interface. For a blunt model posi-
tioned in the driven section, a standing shock is formed at the model, provided flow in
region @ is supersonic. (See fig. 1(c).) The flow conditions immediately behind this
standing shock are designated as region @; the model stagnation conditions, as region @
When the incident shock wave reaches the end wall (or secondary diaphragm of the expan-
sion tube, to be discussed subsequently), it is reflected back into region @ (See

fig. 1(d).) Flow conditions behind this reflected shock are designated as regibn ‘

Expansion tube and expansion tunnel.- The expansion tube is basically a shock
tube with a section of constant cross section attached to the downstream end. A weak
low-pressure diaphragm (secondary diaphragm) separates this section, denoted as the
expansion or acceleration section, from the driven section, which is commonly referred

to as the intermediate section of the expansion tube. The acceleration section is evac-
uated and filled with the acceleration gas at a low pressure and ambient temperature.
The expansion tunnel is simply an expansion tube with a nozzle added to the downstream
end.

The operating sequence of the expansion tunnel includes that for an expansion tube,
which, in turn, includes that for a shock tube; the sequence for an expansion tunnel is
shown schematically in figure 2. The sequence begins with the rupture of the primary
or high-pressure diaphragm separating the driver and driven sections. An incident shock
wave propagates into the static test gas and an expansion wave propagates into the driver
gas. The shock wave encounters and ruptures the secondary diaphragm. Flow energy
lost in rupturing this diaphragm results in an upstream-facing shock wave reflected
from the diaphragm. If this shock wave is assumed to be a standing shock, flow condi-
tions behind this standing shock are denoted as region @ ; if a totally reflected shock
at the sec¢ondary diaphragm is assumed, flow conditions behind this reflected shock are



denoted as region @ (See fig. 1(d).) A second incident shock wave propagates into

the acceleration gas while an upstream expansion wave moves into the test gas. In
passing through this upstream expansion wave, the test gas undergoes an isentropic
unsteady expansion that results in an increase in flow velocity. Expansion tube testing
occurs in the flow that has passed through the expansion and is denoted as region @ in
figure 2. Thus, for the expansion funnel, the test gas is processed first by an incident
shock into the quiescent test gas in region @, second, by a shock wave resulting from
shock reflection at the secondary diaphragm, third, by an unsteady expansion in the accel-
eration section, and finally, by an isentropic steady expansion in the nozzle. Expansion
tunnel testing takes place in region @ of figure 2.

Thermodynamic Properties for Real Air

Thermodynamic properties for imperfect real air in thermochemical equilibrium
are obtained from a magnetic tape furnished to the Langley Research Center by the
Arnold Engineering Development Center (AEDC). The thermodynamic properties
obtained from this tape correspond to the properties tabulated in reference 9 for various
values of entropy sW,/R. The temperature range of the AEDC tape is 100 K to 15 000 K
and the sWy/R range is 15.6 to 133. A subroutine for searching the real-air tape was
also obtained from AEDC and is designated herein as SLOW. An interpolation procedure
allowing pressure p and enthalpy h as inputs was derived for the study of reference 10
and is referred to herein as SEARCH.

The relations derived in reference 11 for predicting thermodynamic properties of
real air in thermochemical equilibrium are also employed in the present study. These
relations were obtained from curve fits and cover a temperature range of 90 K to
15 000 K and an sWy/R range of 26 to 126, Imperfect air (intermolecular force) effects
are neglected in reference 11. These relations are incorporated into a subroutine desig-
nated as SAVE. The sources of thermodynamic properties are discussed in more detail
in reference 10 and appendix B.

Calculation Procedure for Shock Tube

As in reference 5, three combinations of inputs are considered for determining flow
quantities in region @ In all three combinations, the quiescent test air pressure Py
and temperature T; are assumed to be known. The quantities (1) incident-shock veloc-
ity Us,lﬁ (2) pressure behind the incident shock in the driven section Py, OF (3) the
driver gas pressure Py and temperature T, are used in conjunction with p; and Ty
to determine conditions in region @



The conservation relations, in a laboratory coordinate system, for mass, momenturs,
and energy for a normal shock wave moving through region @ are

P1Us1 = Pz(Us,l - Uz) )
‘ 2 2
Py+pUs =P+ Pz(Us,l - Uz) 2)
1.2 1 2

These relations are solved in conjunction with the equation of state (that is, source of
real-air thermodynamic properties) in the form

Py = Py (Pgsha) | (4

for the unknown quantities p,, h2’ U2, and' p, or Us - For the Langley shock tube
and expansion tube, ’I‘1 is ambient and 121 is generally; less than 1MN/m2. At these

conditions in region @, imperfect air effects are negligible and corresponding thermo-
dynamic quantities appearing on the left-hand side of equations (1) to (3) are obtained
from perfect air (Zl =1, » = '7/5) relations.

Equations (1) to (4) are solved by iteration. The iterative schemes used for inputs
Us,l’ Py, OF Py and T, are discussed in detail in reference 5. For all three combi-
nations of inputs, the air flow in region @ is assumed to be in thermochemical
equilibrium.

The procedure for determining shock tube performance where Py and T, are
‘inputs is commonly referred to as "simple shock tube theory,' since it is based on a
simplified one-dimensional, inviscid flow model which assumes instantaneous diaphragm
rupture, no shock wave attenuation, and a driver to driven cross-sectional area ratio of
unity. Imperfect gas effects in region @ for helium at 200 K = T, = 15 000 K and hydro-
genat 273 K =Ty = 600 K are included.

Two additional shock tube flow regions of interest (fig. 1} are the result of a standing
shock in region @ (region @) and a totally reflected shock into region @
(region @ . Because of shock reflection at the secondary diaphragm of the expansion
tube, these two regions are also considered in the calculation of expansion tube flow quan-
tities and are discussed subsequently.

Fffect of boundary layer on test time.- Shock tube wall boundary-layer growth
behind the incident shock introduces departures from ideal shock tube flow. (See refs, 6




and 7.) The presence of this boundary layer causes the incident shock to decelerate, the
interface to accelerate, and the flow between the incident shock and interface to be non-
uniform. When the wall boundary-layer displacement thickness is large in comparison
with the tube diameter, the separation distance between the incident shock and the inter-
face and the test time approach limiting maximum values. (Test time is defined as the
time interval between arrival of incident shock in region @ and arrival of the test-gas—
driver-gas interface at a given station.) Actual shock tube test times may be considerably
less than the values predicted by use of idealized theory. Thus, shock tube test time and
tlow nonuniformity are considered in the present calculations. Since these flow phenom -
ena are dependent on the character of the shock tube wall boundary layer behind the inci-
dent shock, the effect of both laminar and turbulent wall boundary layers are included.

Shock tube test times have been treated analytically in reference 6 for laminar
boundary layers and in reference 7 for turbulent boundary layers. For a laminar
boundary layer, the test time t is obtained from the relation (ref. 6)

ﬁma.x ﬂmax

A
Ay Us lt Us 1t
Mmax a loge 1- J 2 + 1|+ Us,lt = -X (5)
where the separation distance between the incident shock in region @ and the test-gas—

driver-gas interface ¢ for a given distance X downstream of the diaphragm station
is given by (ref. 6)

Pg -
J4 {
22 —||log (1 - + ==X (6)
max(m) © \/ﬂmax \/ﬁmaxJ
Simple expressions for the maximum separation distance ¢ in terms of

max
known quantities were obtained from curve fits applied to the real-air results of refer-

ence 6 and yielded the expressions

_ 2 -1 -3 2
fax = P10 (2.060 - 2.056 X 1071 M_ | +8.095 x 10 Ms’l) (4 <M, S 14) (7a)

= 5. d% -1 -3
%ax = P19 (8.723 x 10-1 - 7.488 x 10 Ms’l) (14 <Mg g < 30) (7b)

10



The results of figure 6 of reference 6 were extrapolated to a value of Mg 1 equal to 30
to obtain equation (7b). As the separation distance approaches this hrmtmg value £,
the interface velocity approaches the incident shock velocity and is essentially equal to

Us,l at Ema,x'

The test time for a turbulent boundary layer is obtained from the relation (ref. 7)

roo-
(US 1t)0.ﬂ ) .
1. | St 0.2 0.2
5¢ fol [ U, it U .t
ma"x—2<log max/ |, gtan-1( %) _ gL} Y -u_ =X (8)
4 \p € _ 0.2 I 0 5,1
1 Ug 3t max max
1- JZ_J——
max
.- ~ ,

where ({ is obtained from the relation (ref. 7)

e )

0.2
50 1'( - ) 0.2 0.2
ma‘x(@)< log tmax -2‘tan'1(--——Iz ) +4( : ) )
e

-X (9)

1

4 Py ﬁmax Jzmax

. - - -/

Curve fits to the real-air results of reference 7 yielded the following expressions for

ﬂmax'

_ . 0.25 ,1.25 : -1 -2 .2 :
Lax = P1 @ (5.273 - 7.514 x 10-1 M ; +3.435 x 10 Ms’l) (4 <My < 10)
(10a)
_0.25,1.25 2 |
0ag=Pp20d (1.546 _ 3.017 x 10 Ms’l) (10 SM ;< 30)
(10b)
For the inviscid case, the "ideal” test time is given by the relation (ref. 12)
M x
t, g = —— 11
1, 2 pz U2 . ( )

11



Effect of boundary layer on flow nonuniformity.- A method for estimating flow non-
uniformity (axial variation of flow guantities) between the incident shock and interface
after maximum separation distance is reached is presented in references 6 and 13. In
these references, the concept of an equivalent inviscid channel is employed and yields the
following continuity equation:

P32 x

X n
U..-U = U_,-U 1-(—2 12
S( 5,1 2,xs) pz,xg:o( 5,1 2,xs=o) (ﬂ ) (12)

max

where n = 0.5 for a laminar boundary layer and n = 0.8 for a turbulent boundary
layer. Additional relations required for solution of flow conditions in the region between
the incident shock and interface are the isentropic condition for equivalent inviscid
channel flow

(2, (8
R /x, R /X0

and either the energy relation

1

2
hox * 5(%,1 - Uz,xs)

1 2
=h +={U -U 14a
] 2,%-0 * 5(Us,1 ~ U2,x,-0) (142)

if the AEDC real-air tape is used as the source of thermodynamic properties
(p = p(h, sWy/R)), or the momentum relation

2. 2
Pax, * Pz,XS(Us,l - Uz,xs) = P2x.=0% 92,X8=0(Us,1 - UZ’XS=0) (14b)

if the AEDC real-air curve fit expressions are used (p = p(p, sWy/R)). This system of
equations is solved for the unknowns p2,XS’ UZ,XS’ and p2,XS’ in conjunction with the

equation of state, by iteration on Py x for a given value of Xs/ﬂmax' As discussed
g

in reference 6, equation (12) is less accurate for the case where the maximum separation
distance has not been obtained. This inaccuracy is due to entropy variations (associated
with nonuniform shock motion) and the unsteady nature of the flow between the incident
shock and the interface. Since the accuracy of equation (12) decreases as { /ﬂmax
decreases from its limiting value near unity, the effect of flow nonuniformity is deter-

mined herein only when the condition ¢ /ﬂmax 2 0.9 is satisfied.
12



Calculation Procedure for Expansion Tube

As discussed in reference 14, the flow energy lost in rupture of the secondary dia-
phragm must result in an upstream-facing shock wave reflected from this diaphragm.
When the diaphragm ruptures, the resulting expansion fan overtakes and weakens the
reflected shock. It is sometimes assumed that the reflected shock has been weakened to
a standing shock by the time it processes the flow which eventually becomes the test flow.
Therefore, the possible existence of a standing normal shock at the secondary diaphragm
(region @) was considered in reference 5.

Recently, tests were performed in the Langley expansion tube with helium as the
test gas. (See ref. 15.) The primary reason for employing helium was to divorce pos-
sible effects of flow chemistry on test-section flow quantities from the gas dynamics or
fluid mechanics of the flow and, thereby,‘ to provide an approximate model of the expansion
tube fluid mechanics. These helium tests indicated the existence of a totally reflected
shock at the secondary diaphragm (region @) . Hence, the effects of a reflected shock,
as well as those of a standing shock, at the secondary diaphragm are considered herein.
As in region @ , flow quantities in regions @ and @ are assumed to be in thermo-
chemical equilibrium. In computing flow quantities in regions @ and @ , flow quan-
tities in region @ are assumed to be uniform.

Standing shock at secondary diaphragm.- The conservation relations for a standing
shock at the secondary diaphragm are

PoUy = PagUsg (15)
2 2 ‘
Pg + PaUs” = Pgg + PagUsg (16)
1.2 1.2
h2 +§U2 =h2$+§U25 (17)

Since the conditions in region @ are assumed to be known (that is, calculated previously),
equations (15) to (17) are solved in conjunction with the equation of state, by iteration, to
yield conditions behind the standing shock (regicm @) . (It should be noted that the flow
conditions in region @ are the same as those immediately behind a normal bow shock
wave on a model positioned in the shock tube test section.)

Totally reflected shock at secondary diaphragm.- For a totally reflected shock wave
at the secondary diaphragm, the conservation relations are

pg(Ug + Uy) = pg, Uy (18)

13



2

2
By * pZ(UZ + Ur) = Pgp + erUr (19)
1 2 1., 2
hy + E(U2 +U)  =hy 4 s U, (20)

Again, the conditions in region (2) are assumed to be known. Equations (18) to (20) are
solved by iteration for the thermodynamic properties in region @ and the reflected
shock velocity U,.

Thermochemical-equilibrium unsteady expansion.- Region @ is defined as being
region @ for the case of no shock reflection at the secondary diaphragm, region
for a standing shock, and regicn @ for a totally reflected shock, As discussed pre-
viously, the expansion tube flow undergoes an isentropie, unsteady expansion from
region @ to region @ Across an upstream-facing unsteady expansion wave, the
velocity increment is related to the thermodynamic properties by the integral expression
{ref. 1)

dh (21)

a)SAWu/R

h

AU=U5-0A=-S 5(““‘
h

A

Either free-stream pressure or test-air —acceleration-gas interface v'elocity U5 is
considered, individually, as inputs necessary for the solution of equation (21), As is
typical of high-enthalpy facilities, the assumption of thermochemical-equilibrium air flow
is subject to question. Hence, limiting cases are obtained by performing both a thermo-
chemical equilibrium expansion and a frozen expansion.

For an equilibrium expansion where the quantity Uy is an input, the AU of equa-
tion (21) is known. If the AEDC real-air tape is to be used as the source of thermodynamic
properties, the enthalpy is decreased from a maximum value of hA' in given increments.
Since an isentropic (s AWy /R = 8pW /R) expansion is assumed, subroutine SLOW

('anuts h and s Awu/ R) is used to generate corresponding values of the inverse of the

speed of sound a~l, If the AEDC real-air curve-fit relations are to be used instead of
the AEDC tape, pressure is decreased in given increments from a maximum value of Pp-
These values of pressure are used in the subroutine SAVE with constant entropy s Awu/ R
to generate corresponding values of enthalpy (the maximum value being h A) and the
inverse of the speed of sound. Equation (21) is integrated numerically between the known
limit h A and the unknown limit h5. The value of h which equates the integral of
equation (21) to AU is the desired value of hg. Corresponding thermodynamic quan-
tities in region @ are obtained from the real-air source, since the quantities szW, /R

14



and h5 Or p, are now known. When pg ig an input, the thermodynamic quantities

in region @ are obtained directly from the real-air source since S5Wu/R and pg are
known. With the limits of integration known, the integral in equation (21) is evaluated
numerically to give AU, and hence Ug.

Additional conditions in region @ that are of interest are free-stream Mach num-
ber Mgy and free-stream unit Reynolds number NRe,S' For values of Tpg less than
or equal to 1500 K, the free-stream viscosity pjg required in determining NRe,B is
calculated from Sutherland's viscosity law (ref. 10), whereas for values of Tg greater
than 1500 K, pg is obtained by use of the results of reference 16.

Frozen unsteady expansion.- Frozen flow is defined herein as flow in which the
vibrational energy and chemistry remain unchanged during the expansion of the test air,
For the expansion tube, this freezing of the vibrational energy and chemistry is assumed
to occur in region @ . Hence, the energy in region @ may be viewed as consisting of
an active or available part which provides the energy for flow expansion and a frozen or

nonavailable part. Since the energy associated with vibration and chemistry is constant
for a frozen expansion, the ratio of specific heats » will be constant and the test air
behaves as a perfect gas. To obtain an estimate of the ratio of frozen specific heats
for dissociated but unionized air, it is assumed that the dissociated air may be modeled
by atoms (O and N) and molecules (Nz, Oy, and NO) . It is further assumed that the atoms
are not distinguishable and the molecules are not distinguishable. This is a reasonable
assumption since W, is approximately equal to Wy, and WOZ’ WNz, and Wyqo are

approximately equal, The molecular weight for this composition is given by the relation
W=x, W, +x, W= wa(z - xa) (22)

where the sum of the mole fractions is unity (Xa +Xm = 1) and the molecular weight
of a molecule (02, Ng, NO) is approximately twice that of an atom (O, N). From the
relation Z° equal to Wu/W, where W, is approximately Wp,, the expression

7* = 2 (23)
2 -x,

is obtained. By letting the quantity 7% he defined as 1 + ¢, it can be shown that

7T+ 3 (24)
B+

Y=

Since the quantity 2 A* is assumed to be known, values of «, and hence 7, may be
obtained.

15



For a frozen (perfect) gas, equation (21) may be evaluated in closed form to vield

_ 2
Us,s - Ua= Ve - 1(aA,f - as,f) (25)

If a value of U5,f is known, the frozen free-stream speed of sound ::15,f follows from
equation (25) and the corresponding frozen thermodynamic quantities in region @ are
determined from the isentropic perfect gas relations of reference 17. (See ref. 5.) For
the case where a value of p5,f is known, the quantity as’f is determined from the
isentropic perfect gas relation (ref. 17)

(26)

Corresponding frozen quantities in region @ are determined similarly, and U5 £ is
obtained from equation (25). ’

The ideal test time for the expansion tube (test time is defined as the time interval
between arrival of the acceleration-gas—test-air interface and the expansion fan (ref. 1)
is given by the relation

1 1
t.p=L_[——— - — (27)
i,5 a _
The actual test time may be somewhat less than this ideal test time because of the early
arrival of a downstream expansion wave. (See ref. 14.) The time of arrival of this
downstream expansion wave for real air is not determined in the present study.

Flow attenuation,- The air-test-gas—helium-acceleration-gas interface velocity in
the acceleration section of the Langley pilot model expansion tube was observed (ref. 14)
to decrease in traversing the acceleration section. A decrease in flow velocity along the
acceleration section was also observed in recent tests (ref. 15) performed in the Langley
6-inch expansion tube with air test gas and air acceleration gas. Thus, the effect of
flow attenuation on calculated flow quantities in region @ and on the post-normal -

shock region of a test model subjected to flow in region @ is considered herein.

A method for determining the effect of flow attenuation on thermodynamic quantities
in region @ is discussed in reference 14, To illustrate this method, consider a thermo-
dynamic quantity in region @, such as Ps, plotted as a function of interface velocity Usg
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at the exit of the acceleration section. Application of the method of reference 14 is
equivalent to a shift of point pg, Ug for no flow attenuation to point P, Ug - ZAU5

with flow attenuation. The quantity AUg is the difference between the maximum and
minimum (that is, acceleration section exit) values of interface velocity observed along
the acceleration section. In the present program, the unsteady expansion is performed to
the acceleration section exit (region @) and the interface velocity Ug changed to

U5 - 2AU5 to account for flow attenuation. Post -normal -shock flow quantities

(regions @ and @) are calculated by the shock crossing procedure to be discussed
subsequently, where the free-stream velocity is equal to Ug - 2aUg. The effect of flow
attenuation is included for an equilibrium expansion only.

Acceleration-gas flow guantities and guiescent pressure.- An itmportant parameter

in the operation of an expansion tube is the initial pressure of the acceleration gas pqp-
This pressure is the controlling factor in determining the degree of expansion in the
acceleration section. In reference 5, a range of P1g Was determined for each U5 with
helium acceleration gas. Only helium was considered in reference 5, since helium was
used exclusively as the acceleration gas in the Langley pilot model expansion tube. (See
ref, 14.) However, more recent tests in the Langley 6-inch expansion tube (ref. 15) have
indicated the desirability of using the same gas for both test gas and acceleration gas.

In the present study, the conditions in region @ are determined prior to calculating
the corresponding value of P10 required. Since the values of py, are relatively low
and since the quiescent acceleration air temperature T, is ambient, thermodynamic
conditions in region obey ideal air relations. At the interface of the acceleration air
and test air, it is reguired that Pgp equal Pg and U20 egual U5. Hence, the con-
servation relations for an incident shock wave into region , excluding the effect of
boundary-layer growth along the tube wall, are

W
10
10 5 UL = pog(Us 10 - U 28
RT,, P10Us,10 on( 5,10 5) (28)
W
10 .2 \_ 2

Pro\! * g . Ug 10) = 5+ P20(Us,10 - Us) (29)
7 R 1.2 1 2

Twg 1073 Ug,10 = hao * §(Us,10 - Us) (30)

where the unknowns are Pjig, Pop» hyp and Ug 14 The equation of state represents
H
the required fourth relation. These relations are solved by iteration. An initial guess

o
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of the quantity Us,lO is made, this being 1.11 times Ug (corresponding to pZO/pIO
equal to 10), and hy, is obtained from equation (30). The quantity Pag (which is equal
to p5) and this initial estimate of h20 are used as inputs to the source of thermodynamic
properties and a value of Pag is obtained. This value of Pop is used in equation (29)

to ¢btain a value of P1p- A new (up-dated) value of US’ 10 is determined from equa-
tion (28), and if not within 0.1 percent of the initial guess of Us,lO’ the procedure is

repeated. Iteration on the quantity US 10 is continued until successive values of U
’

8,10
are within the desired tolerance.

If helium is to be used as the acceleration gas, as in the experimental study of ref-
erence 14, the corresponding value of P1o for helium may be estimated from that for
air. Combining equations (28) and (29) yields the expression

P5 = P19 * P10Us,10Y5

For a strong incident shock, P1p is small compared with the product me s 10U5;
2

h i imatel al t u Us. Equati and U: for both

ence, pg is approximately equal to P10 5,105 q ng pg 5 for

acceleration gases gives
u = U
(910 s,lo)He (P10 s,m)m-Lr

For the same value of Ug, the incident shock velocities in air and helium are relatively
close; in the limit of maximum separation distance between the shock and interface,
these Us,lO values are equal. Thus, plO,He is approximately equal to plO,air and

plO,He is equal to 7.24 times plO,air‘

An often employed method of measuring the velocity of a moving gas is the micro-
wave interferometer technique (refs. 14 and 15). K helium is used as the acceleration
gas, the helium behind the incident shock into region is generally not ionized and
thus is transparent to the microwave signal. Hence, the flow being tracked by the signal
is the helium-acceleration-gas—air -test-gas interface and the quantity Ug is inferred
from measurement. When air is used as the acceleration gas, the microwave signal tracks
the incident shock into region and not the interface. For this reason, the laminar
theory of reference 6 {(discussed previously) is used in the present program to determine
the Us from measured values of Us,lO’ known thermodynamic conditions in region 3
and acceleration-section diameter and length. At the acceleration-section station where
‘Q/ﬂmax is nearly unity, the quantity U5 is equal to Us,lO and may be inferred directly
from measurement.
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Calculation Procedure for Expansion Tunnel

Thermochemical-equilibrium steady expansion.- The entrance conditions at the noz-
zle of the expansion tunnel correspond to the conditions in region @ As discussed pre-
viously, the expansion tunnel flow is assumed to undergo an isentropic steady expansion
from region @ to region @ The basic differential eguation for this expansion is
{ref. 1)

dh
du = -(—) (31)
v sWy /R

which may be integrated between regions @ and @ to give

1.2 1.2
h +§U5 '”h6+_U6 (32)

5 2

The left-hand side of equation (32) is considered to be known. Inputs considered
(individually) for determining expansion tunnel flow conditions are pg and Upg. For an
equilibrium nozzle expansion in which the quantity Upg is known, hﬁ is obtained from
equation (32) and the corresponding thermodynamic quantities in region @ are deter=-
mined from the source of thermodynamic properties with the quantities h6 and s6Wu R
(which is equal to s, W, R) as input. For the case where a value of pg is known, the

thermodynamic quantities in region @ follow from the source of thermodynamic proper-
ties with the quantities pg and 56Wu /R as input, and the corresponding value of Ug
is obtained from equation (32).

Frozen steady expansion.- For a frozen nozzle expansion, it is assumed that the

flow in region @ is in equilibrium, and the assumption is made that freezing occurs at
the nozzle throat. The procedure for calculating frozen flow conditions in region @ is
gimilar to that discussed previously for region @ of the expansion tube, whereby the
equilibrium conditions in region @ correspond to those of region @ and the frozen
conditions of region @ correspond to those of region @ The difference is that equa-
tion (32) for a steady expansion replaces equation (25) which applies to an unsteady
expansion.

Nozzle boundary-layer displacement thickness.- A quantity of interest is the nozzle

boundary-layer displacement thickness. This quantity, with one-dimensional flow assumed,
is given by the relation

¥ =r (33)

geo ~ Teff
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where the radius of the inviscid core is given by

A)1/2 "

T pe=T¥ 22
eff eff( *
A eff

and 1 geo is the nozzle wall radius. The ratio (A/A% off is determined from the con-
tinuity equation for one-dimensional, steady flow

(A) _Ps7s (35)
A eff PeUs

where quantities appearing on the right-hand side have been calculated previously. With
the assuniption that the displacement thickness at the nozzle entrance (throat) is zero

*x ok :
(rgeo = reff) , equation (33) becomes

1/2
P5Us

g*=r _-r* (575
PgUg

geo ~ “geo (36)

Calculation of Flow Quantities Behind Normal Bow Shock at Test Model

For some tests in the shock tube and most tests in the expansion tube or expansion
tunnel, a test model is positioned in the test section. Hence, it is desirable to determine
the flow guantities behind the normal part of the bow shock of a blunt test model. The
conservation relations for a standing normal shock at a blunt body are given in equa-
tions (15) to (17), where the subscripts 2 and 2s are now replaced by 5 and 5s for the
expansion tube and 6 and 6s for the expansion funnel, For an equilibrium expansion, the
flow behind the normal bow shock is assumed to be in equilibrium; for a frozen expansion,
the flow behind the normal bow shock is assumed to be either in equilibrium or frozen.
For the case of equilibrium post-bow-shock flow, the conservation relations are solved,
in conjunction with the equation of state, by iteration to obtain the static conditions
immediately behind the shock. Stagnation -point properties are determined by using the
assumption that the flow region from immediately behind the bow shock to the stagnation
point is isentropic (that is, Sks Wu/R'= St,kwu/R’ where k is equal to 2 for shock tube,
5 for expansion tube, and 6 for expansion tunnel) and the energy relation for an equili-
brium expansion to the test section is (k = 2,5, or 6)

1.2
ek =Pg+35 Uy (37)
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and for a frozen expansion is (k = 5 or 6)

B 12
hej =y g+hy s+ Uiy (38)

This procedure, in which S¢ kWu/R and ht K are known, requires usage of the AEDC
tape. A second procedure co’nsidered, which’makes use of the AEDC curve fits, is to

estimate p; from the relation (ref. 5)
H

YE ks
}/E,ks-1

¥ -1
E, ks 2
Py = P\l +— 3 Mks (39)

This value of Pt 1 is used in conjunction with s, kwu/R as input to the subroutine
H] ?

SAVE. If the value of hy obtained from SAVE is not within 0.1 percent of the value
}
obtained from equation (37) or (38), Py i is up~dated by the relation
. ?

(Bt 1c)

(Pt,k - ,
previous known (40)

h
T/new ( t’k‘)prev'mus

(where (ht’k)known was obtained from eq. (37) or (38)) and the iterative procedure
repeated until the desired criteria on ht,k is obtained. The stagnation-point heat-

transfer rate for a spherical body positioned in the shock tube (k = 2), expansion tube
{k = 5), or expansion tunnel (k = 6) is determined from the expression (ref. 18)

P
. _ -4 [tk
9 i = 3.88 x 10 ]’ —rzn_(ht;k - hw) (41)

For the case of frozen post-bow-shock flow, normal-shock crossing relations for
perfect air (ref. 17) are used to obtain conditions immediately behind the shock and isen-

tropic, perfect air relations are used to obtain stagnation-point conditions.

Tt should be noted that flow properties behind the normal part of the bow shock wave
of an entry body at high velocity are equivalent to the properties behind an incident shock
in a shock tube traveling at that velocity. In free flight, the free-stream conditions and
flight velocity correspond to the initial conditions in region @ and the incident shock
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velocity Ug 1, respectively, whereas static and stagnation conditions behind the bow
shock correépond to conditions in regions @ and @, respectively.

RESULTS AND DISCUSSION

Description of the inputs necessary to utilize the present computer program is pre-
sented in appendix A along with a flow chart, listing of the program, brief description of
basic subroutines, and sample printout. The accuracy and limitations of the program are
discussed in appendix B. Results of calculations illustrating the application of the program
to shock tube and expansion tube flows are bresented in figures 3 to 20, with figures 3, 4, 5,
and 18 for the shock tube and figures 6 to 17, 19, and 20 for the expansion tube.

Flow quantities in region @ may be obtained by using the basic measured inputs
in the following combinations:

Case (1): py, Ty, and U_ 4

)

Case (2): Py, Ty, and Py

Case (3): Py, Ty, Py, Ty, and Wy

Case (3) is useful in ascertaining the theoretical performance prior to a test and in com-
parison of measured quantities Us,l and Py with predicted values from simple shock
tube theory. The computational method for case (3) is illustrated in figure 3 where
velocity~-pressure (US’ p3) curves for perfect and imperfect, isentropic unsteady expan-
sion of helium and hydrogen driver gases are shown in conjunction with velocity -

pressure (Uz, Py ) curves for incident normal shocks in equilibrium, real air. In figure 3,
the value of py Wwas 68,95 MN/m2 for both driver gases and T, 1s varied from 300 K
to 10 600 K for helium (figs. 3(a) to 3(c)) and from 300 K to 600 K for hydrogen (figs. 3(d)
and 3(e})). The ambient air temperature T1 was 300 K and P; was varied from

6.9 N/m? to 6.9 MN/m2. Solutions for case (3) are the intersections of the Uy, by air
curves (generated by using 20 values of Us,l for each value of Py and the AEDC curve-
fit expressions as a source of thermodynamic properties) and U3, by helium or hydrogen
curves. (That is, the solution is obtained when Uy = U3 and Py = p3.) For a helium
driver gas and the conditions in region @ of figure 3, no appreciable imperfect helium
effects on the predicted isentropic expansion are observed. A small effect of imperfect
hydrogen is observed in figures 3(d) and 3(e).

Shock tube performance for real air with helium and hydrogen driver gases is
shown in figure 4, where incident shock velocity Us 1 1is plotted as a function of pressure
. 3
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ratio p4/p1. These results were generated by two methods. First, two values of py

(6.9 N/m2 and 6.9 kN/m2) were used in conjunction with various values of p, to obtain
the range of p4/p1 shown. Compressibility factors for the higher values of Py for
helium and hydrogen driver gases are given in the following table:

Zy for —
Py, MN/m? T, K _
Helium Hydrogen

0.69 600 1.001 1.002
3.45 600 1.007 1.012

6.90 600 1.015 1.024
13.79 600 1.029 1.051
34.47 600 1.071 1,135
68.95 600 1.139 1,282
137.90 600 1.264 1.566

Second, p, was held constant at 68.95 MN/m2 and p; varied from 6.9 N/m?2 to

6.9 MN/mz. In both cases, T, was equal to 300 Kand T, was equal to 600 K. The
curves from these two methods were found to be identical for both the helium driver gas
and the hydrogen driver gas. Differences between perfect hydrogen (Z 4= 1.0) and
imperfect hydrogen driver gas are observed (fig. 4) to be small, and the perfect hydrogen
driver gas yields somewhat higher values of U 1 for a given 11»4/p1 in agreement with
reference 19. The improved performance expected with hydrogen driver gas, in compar-
ison with helium driver gas, is evident in figure 4.

Simple shock tube predictions for real air are shown for helium (figs. 5(a) and 5(b))
and hydrogen (fig. 5(c)) driver gases at p, equal to 68.95 MN/m2. The T4 for
helium is varied in 50 K increments from 300 K to 700 K (fig. 5(a)) and in 1000 K incre-
ments from 1000 K to 12 000 K (fig. 5(5)] and for hydrogen {fig. 5{c)} is varied in 50 K
increments from 300 K to 600 K. The value T, ="T00K for helium represents the max-
imum value obtainable in the Langley expansion tube with resistance heating and the value
Ty = 600 K for hydrogen represents the limit of curve fitting as applied to virial coef-
ficients in reference 5. For an arc-driven shock tube or expansion tube using helium
driver gas, much higher T, values than presented in figure 5{a) are realized; hence,
figure 5(b) represents an extension in range of T, to figure 5(a). At the maximum T,
of 12 000 K, ionization of the helium driver gas is essentially negligible. (See ref. 20.)
Values of Py» Py and T4 being known, a theoretical value of Ug‘,1 in real air may be

obtained from figure 5.
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Combinations of measured input for obtaining stagnation-point conditions in the
expansion tube test section (region @) , when it is assumed that thermochemical equi-

librium flow conditions in region @ are known {(previously calculated), are summarized
in the following table:

Measured Unsteady Post normal

Case input expansion shock

(1) Ug or Pg Equilibrium Equilibrium
(2} Ug or pg Frozen Equilibrium
(3) Ug or pg Frozen Frozen

Similarly, combinations of measured input for obtaining stagnation-point conditions in the
expansion tunnel test section (region ), when thermochemical equilibrium flow condi-
tions in region @ are known, are summarized in the following table:

Measured Steady Post normal

Case input expansion shock

(1) Ug or pg Equilibrium Equilibrium
(2) Ug or pg Frozen Equilibrium

(3) U6 Or pg Frozen Frozen

The first consideration in performing a test in an expansion tube or expansion
tunnel is to determine theoretical flow quantities for the chosen mode of operation. Such
a procedure is necessary in order to obtain approximate magnitudes of quantities to be
measured in the various flow regions. Because of the wide range of flow conditions that
may be generated in the expansion tube and the long computer times associated with the
program of reference 5, the program of reference 5 was not exercised to generate a
family of working plots illustrating expansion tube performance. However, the provision
of such plots would be a worthwhile convenience to the experimenter and would also illus-
trate the versatility of such a facility, Since the present program requires much less
computer time than that of reference 5 (present program is approximately 60 to 80 times
faster than the program of reference 5 with a 10 species air model), working plots were
generated for real-air expansion tube flows and are presented in figures 6 to 17.

Various flow quantities in region @ (p5, Pgs TS’ MB’ and NRe 5), region @
H

(pSS/pB)s and region @ (pt,5, P50 Ty 5 ht,5’ and qt,5 for r,=2.54 cm) are
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plotted as a function of input Ug for values of Py equal to 0.7, 3.45, 6.9, 34.47, 68.95,
and 344.7 kN/m?2 in figures 6 to 11, respectively. Infigures 6 to 11, the flow in region @
is assumed to be in equilibrium and there is no shock reflection at the secondary dia-
phragm. These results are shown for a range of Us,l from 2.1 to 4.5 km/sec. The
upper limit on Us,l represents the highest value obtained to date in the Langley expan-
sion tube using arc-heated helium as the driver gas. Also shown in figures 6 to 11 are
values of Pio required to produce the corresponding flow conditions. Figures 12 to 17
correspond to figures 6 to 11, respectively, except that a totally reflected shock at the
secondary diaphragm is included. Thus, limiting cases for these shock-wave reflection
- phenomena are provided. The results of figures 6 to 17 were obtained by using the AEDC
real-air curve-fit expressions to determine conditions in regions @, @ , @, and
and the AEDC real-air tape for determination of the unsteady expansion quantities
of region @ (The reader is referred to appendix B for discussion of the computational
procedures incorporated in the present program. For these results, method (2)
(ISAV = 2, IEXP = 1) was employed, JAC being 100.) These figures were generated by
machine and linear line segments were used to connect adjacent data points.

For purposes of illustration, let it be assumed that a study is to be performed in
the expansion tube at U5 equal to 5.4 km/sec and I\/I5 equal to 10. Both the case of
no shock reflection at the secondary diaphragm and the existence of a totally reflected
shock are considered. The driver gas is unheated helium (T4 = 300 K) and a value of
Py equal to 3.45 kN/m2 is selected. From figures 7 and 13, flow conditions and the
required p;, for this example are as follows:

Condition No shock reflection Totally reflected shock

Us,l’ km/sec . . . . . . .. . .. 2,48 2,25

Ps KN/m2 L. 0.78 0.45

T KK oo oo 0.76 0.75

P g/mS ... 3.6 2.1
Npes m Lo oo AR 5.6 x 10° 3.2 x 10°
p5s/,p5 .............. 11.85 12.1

peg KN/m2 L 100.0 57.7

Tt”s, KK« v oeee e e 6.0 5.9

Pi 5 g/md . 44,5 25.7

hy g MI/KE . - 15.5 15.3
th,Mw/mZ‘........... 11.6 8.8
pl,o, N/m2 ... 1.9 1.2
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The value of U s,1 corresponding to the chosen values of U5 and M5 is obtained
from figure '7(d) for no shock reflection and from figure 13(d) for a totally reflected
shock. These US 1 values are, in turn, used to obtain the remaining flow quantities
presented in f1gures 7 and 13. At this point the range of P10 required to generate the
desired values of U5 and M5 for Py equal to 3.45 I«:N/m2 is known. The corre-
sponding range of p 4 required to produce this range of US’1 , for a given Py, is
cbtained from figure 5. The pressure in region @ is obtained from figure 18, where
the quantities pg fp;, pz/pl, TZ/TI’ h2/h1, and szwu/R (predicted by using the
AEDC real-air tape) are plotted as a function of Us,l for the values of P, considered
in figures 6 to 1.

Figure 19 illustrates the effect of frozen expansion, in comparison with a thermo-
chemical equilibrium expansion, for several sample cases. These cases show a large
effect of shock reflection at the secondary diaphragm on predicted frozen flow gquantities.
Such large differences are the result of the increase in dissociation in region @ from
the case of no shock reflection to the case of a standing shock or totally reflected shock,
coupled with the assumption that the flow freezes in region @ .

As discussed previously, it is often necessary to infer the test-air—acceleration-
air interface velocity Uj from measured Us 10 by using the theory of reference 6,
Figure 20 shows flow quantities T T ﬁ/ﬂmax, and Ug 10/U1 as a function of non-
dimensionalized distance downstream of the secondary diaphragm for a representative
expansion tube test. For the results of figure 20, P1 is equal to 3.45 kN/m?2, Ug,1
is equal to 2.85 km/sec, and Ly is equal to 17 m. From figure 20(b), the time a
model positioned at the test section (tube exit) is subjected to acceleration-air flow
diminishes with increasing Ug. The separation distance between the incident shock
in region and the test-air-—acceleration-air interface approaches the maximum
separation distance ¢, .. more rapidly with increasing Uy (fig. 20(c)). When the
value of ¢ is essentially equal to Laxs the interface velocity UI is essentially equal
to the incident shock velocity U ,10 as illustrated in figure 20(d). For this sample case,
the interface velocity is equal to the incident shock velocity (measured) at the tube exit
for values of Uy in excess of 5.0 km/sec.

Several expansion tunnel flow quantities (pe, Tg, Ug, Mg, NRe g pﬁs/pﬁ’

and Py 6) are shown in figure 21 as a function of effective area ratio (A/A*) off Nozzle
entrance conditions (conditions at (A/A%) off of umty) correspond to a representative
expansion tube test (ref. 15) with unheated helium driver gas and air test gas having a
value of Py of 3.45 kN/mz. These entrance conditions were determined by assuming
no shock reflection at the secondary diaphragm, no flow attenuation in the acceleration
section, and a thermochemical equilibrium expansion to region @ The tunnel results
were generated, assuming quasi one-dimensional flow, by increasing input UB from
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5.3 to 5.5 km/sec in increments of 50 m/sec and from 5.50 to 5.57 km/sec in increments
of 10 m/sec. These tunnel predictions also assume 2 thermochemical equilibrium
expansion.

The results of figure 21 may be used to obtain a rough estimate of inviscid test
core diameter and corresponding nozzle exit flow quantities for given entrance conditions.
For example, use the dimensions of the Langley expansion tunnel configuration and
assume that the conical nozzle has an entrance diameter of 7.62 cm, an exit diameter of
63.75 cm, and a length of 1.59 m. Hence, the geometric area ratio (A/A*)geo is 70
and the nozzle half angle if 10°. Now, let (A/A%) ;; be equal to (A/. A*)geo’
sponding to zero tunnel wall boundary-layer displacement thickness. The quantities M6
and N e,6 corresponding to this first estimate of (A/A% off M2y be obtained from
figure 21 From these quantities, the displacement thickness at the nozzle exit may be
estimated by using simple expressions in terms of Mg and NR 6 based on nozzle
axial distance from the nozzle apex. (See ref. 21.) (Eq. (7) of ref. 21 was used to pre-
dict & for this example, where YE,6 was equal to 1.4.) Having determined an initial
estimate of 6% at the nozzle exit, a new value of (A/A™) Jepr 1S calculated where the
effective exit diameter is the nozzle (geometric) exit diameter minus 26% At the nozzle
entrance, the effective entrance diameter is assumed equal to the geometric entrance

corre-

diameter and hence a constant. From figure 21, M6 and NR e,6 corresponding to this
new value of (A/A") 4 are obtained and a second value of 8% is calculated. This iter-
ative procedure is continued until successive values of (A/A%) off 2T within a desired
tolerance. For this particular example, iteration to within 2 percent on (A/A%) off

(three iterations required) showed that the inviscid test core diameter is approximately
48,5 cm. The corresponding values of Mg and NRe,G are 13.2 and 7.4 x 104 per meter,
respectively.

CONCLUDING REMARKS

A computer program written in FORTRAN IV language which determines shock tube,
expansion tube, and expansion tunnel flow quantities for real-air test gas is presented.
This program permits, as input data, a number of possible combinations of flow quantities
generally measured during a test. The versatility of the program is enhanced.by the
inclusion of such effects as a standing or totally reflected shock at the secondary dia-
phragm, thermochemical-equilibrium flow expansion and frozen flow expansion for the
expansion tube and expansion tunnel, flow attenuation in traversing the acceleration sec-
tion of the expansion tube, real air as the acceleration gas, and the effect of wall boundary
layer on the acceleration section air flow. The effects of several of these phenomena are
demonstrated by sample calculations.
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The usage of the program in preparing the shock tube and expansion tube for testing
is illustrated from working charts. These charts, which were generated with the present
program, cover a wide range of flow conditions and should prove to be a convenience for
the experimenter in such facilities. The expansion tunnel phase of the program is
demonstrated by a sample calculation. This program is similar to, but more compre-
hensive than, the real-gas mixture program previously available for air test gas. The
present program requires approximately 1/70 the computer time of the gas-mixture pro-
gram with no appreciable sacrifice in accuracy.

Langley Research Center,

National Aeronautics and Space Administration,
Hampton, Va., September 4, 1974,
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APPENDIX A

COMPUTER-PROGRAM INPUTS, FLOW CHART, AND
LISTING WITH SAMPLE DATA PRINTOUTS

The present program is written in FORTRAN IV language for Control Data series
6000 computer systems. Minimum machine requirements are 110000 octal locations of
core storage. The FORTRAN NAMELIST capability is used for data input with INP as the
NAMELIST name. The units for the inputs which are physical quantities are given in the
section entitled "Symbols." The program symbols and a brief description of the inputs
necessary to utilize the computer program are listed as follows:

Program symbol Description

Pl Pressure of quiescent test air in region @
T1 Temperature of quiescent test air in region @
Us1 Incident-shock velocity into region @

P2 Static pressure in region @

P4 Driver-gas pressure in region @

T4 Driver-gas temperature in region @

U5 Velocity in region (5)

b5 Static pressure in region @

U6 Velocity in region @

P6 Static pressure in region @

DIA Shock tube or expansion tube diameter
DIAT Nozzle entrance diameter

DIAN Nozzle test-section diameter
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T™W

BNR

RUN

NDRIV

LB

ISTET

LF

LG

I5AV
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APPENDIX A

Distance downstream of primary diaphragm
Distance downstream of secondiry diaphragm
Model surface temperature

Model nose radius

Facility test number

NDRIV = 0 denotes helium driver gas
NDRIV = 1 denotes hydrogen driver gas

LB = 0 denotes inputs Py Tl’ and Us 1 used to find region @
quantities ’

LB = 1 denotes inpuis Py1s Tl’ and Py used to find region @
quantities

LB = 2 denotes inputs Py» Tl, Py and T4 used to find
region @ quantities

ISTET = 0 denctes only quantities in regions @, @ , and @
determined

ISTET = 1 denotes shock tube and expansion tube flow quantities
determined

ISTET = 2 denotes shock tube, expansion tube, and expansion tunnel
flow quantities determined

LF = 1 denotes U5 is basic input in region @
LF = 2 denotes P is basic input in region @

LG = 1 denotes Ug is basic input in region

LG = 2 denotes Pg is basic input in region @

ISAV = 1 denotes use of AEDC real-air tape (subroutines SLOW
and SEARCH)

ISAV = 2 denotes use of AEDC real-air curve fits
(subroutine SAVE)



INU

IEXP

JAC

IAC

IREP

UsI

NVEL

DELUS5

LREP

NUMU6

U6l

APPENDIX A
INU = 1 denotes use of AEDC real-air tape in determining flow
nonuniformities in region @

INU = 2 denotes use of AEDC real-air curve fits in determining
flow nonuniformities in region @

IEXP = 1 denotes use of AEDC real-air tape in determining
unsteady expansion process for expansion tube

IEXP = 2 denotes use of AEDC real-air curve fits in determining
unsteady expansion process for expansion tube

Number of enthalpy increments used in unsteady expansion from
region @ for IEXP = 1 (300 maximum)

Number of pressure increments used in unsteady expansion from
region @ for IEXP = 2 (100 maximum)

IREP = 1 denotes only a single value of Ug is of interest for
given region @ quantities

IREP = 2 denotes several Uy of interest for given region ®
quantities

Velocity increment for IREP = 2
Total number of Uy of interest for IREP = 2 (10 maximum)

Difference between maximum and minimum interface velocity along
acceleration section

LREP = 1 denotes only a single value of UG is of interest for
given region @ quantities

LREP = 2 denotes several Ug values of interest for given
region @ guantities

Total number of Ug of interest for LREP = 2 (10 maximum)

Velocity increment for LREP = 2
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LD LD = 1 denotes no shock reflection at secondary diaphragm

LD = 2 denotes existence of standing shock at secondary diaphragm
for ISTET = 1; for ISTET = 0, LD = 2 denotes conditions in

regions ‘®, @, @, and @ determined

LD = 3 denotes existence of totally reflected shock from secondary
diaphragm

LD = 4 denotes all three cases (LD =1, LD = 2, and LD = 3) are
performed

To minimize the number of inputs required for running cases on the computer, inputs
are assigned values within the program. These assigned values, which represent values
most commonly used for data reduction in the Langley 6-inch expansion tube, are as
follows:

Program symbol Assigned value
Tl 300.
DIA 0.1524
DIAT 0.0762
DIAN 0.6452
XIS 4.65
XAS 16.98
™ 300.
RUN 1.0
BNR 0.0254
NDRIV 0

LB 0
ISTET 1

LF 1

LG 1
ISAV 2
IEXP 1

JAC 50
IAC 50
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Program symbol Assigned value
IREP 2

NVEL 8

U5l 400,

LD 4

INU 2

DELUS 0.

LREP 2

NUMUS6 5

U6I 50.

Each of these values may be changed from its assigned value by a card change or inclu-
sion in the NAMELIST INP. For a given LB, only the basic parameters Py, Ty, and
Us,l (LB = 0), Py (LB=1), or Py and T, (LB = 2) need be included in INP. Similarly,
for a given LF, only Ug (LF=1) or Pg (LF = 2) need be included in INP; for a given LG,
only Ug (LG=1) or Pg (LG = 2) need be included in INP.

Three options exist for determining flow conditions in region @ for LF equal to 1
or LF equal to 2. These options, in terms of inputs ISAV and IEXP, are

Option | ISAV | IEXP
(1) 1 1
(@) 2 1
(3) 2 2

Thus, for option (1), the AEDC real-air tape is used as the source of real-air thermo-
dynamic properties necessary to generate tables of h as a function of a-1 required
for numerical integration. Corresponding flow properties in region @ are also obtained
from the tape. For option (2), the tape is used for the numerical integration and for
obtaining conditions in region @, whereas real-air curve-fit expressions are used to
obtain corresponding flow properties for the other flow regions (that is, regions @ ,

@ , @ , @ , and @) . Curve-fit expressions are used in option (3) for the integra-
tion and determination of corresponding properties. Option (1) will provide the highest
accuracy (appendix B) in calculated flow parameters and demand the most computer time,
whereas option (3) will have the lowest accuracy but fastest computational time.
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The basic subroutines of this program are as follows:

(1} SLOW — determines imperfect, real-air thermodynamic quantities p, p, h, T,
a, Z, vp,and 7* from AEDC real-air tape for given sWu/R and any one of
the thermodynamic quantities

(2) SEARCH - determines imperfect, real-air thermodynamic quantities p, sWu/R,
T, a, Z, yp,and Z* from AEDC real-air tape for given p and h

{3) SAVE - determines real-air thermodynamic quantities from AEDC real-air curve-fit
expressions with combinations

(1) p and sWu/R
(2) p and p
(3) p and h
(4) p and h
{(5) p and T
(4) VISC — computes real-air u for given p and T
(5) BDT — computes virial coefficients for helium or hydrogen for given T
(6) SOLUT — given (pz, UZ) array and (p3, U3) array, finds solution to curves

(7) SC - iterative procedure for solving conservation relations for a moving normal
shock

(8) SNS - iterative procedure for solving conservation relations for a standing shock at
secondary diaphragm or a normal bow shock at a model, including stagnation-point
conditions

(9) SIMR — computes S‘(dh)

— by Simpson's rule
T sWyfR T

Langley Library Subroutines ITR1, ITR2, FTLUP, and DISCOT are used with this
program and are presented as appendixes C, D, E, and F.

A flow chart of this program is given on the following pages.
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HELIUM HYDROGEN
GAS GAS
CONSTANTS CONSTANTS
{ CALL BDT

CALL IZRL

CALL ITR2
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CALL SEARCH

CALL VISC

CALL ITR2
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CALL SLOW

CALL SLOW
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CALL SAVE
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CALL SEARCH

CALL SAVE

ABS(1.-RNEW/RHOR)=<. 0012
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Yes LCODE=27 > t28
No

SLOW

{ CALL sSLow )

CALL STHR { caLL stow )
. Yes
] CALL SLoW

(=)
|
|

CALL

@—‘ PRINT

o

Ne
O
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CALL SLOW

CALL SLOW

CALL SLOW

CALL SLOW

CALL SLOW

APPENDIX A

PRINT

pct———

MS10=4
and
M510=147
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{ CALL SLOW )
CALL SLOW

CALL SLOW

CALL SLOW
@
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No

CALL S1OW

CALL SLOW

{ caL sLow )
CALL SLOW )
e CALL SLOW

srop
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A listing of this program, including subroutines and comments, is reproduced on the
following pages.

AR 4] s C70A 115N, 2ONTN, AIIRT D248 [Ralaltcly tren reEnNT
USERMILLFBe FHARLFS & 11t NANRNSSTEN A4T720

LINFENT {200 ) -

RUNITS Y 4

REQUFST « TARPFR s+ HY s X o TIAM1 1RO

REWIND{TARER )
SFTINDFa o

LC‘OD a
SPERINTIOUTPUT 3.
LUNLOAND(TARPFE ) o
TX1Tae
SOPRINTI{OUYTPUT )«
UNLDOADETAPER Y «

- L

PROCRAM LFT(INDUTeQUTDUToTAﬁF==TNDHTgTthﬁ=nquuT,TAD:R1 A 1
DIMENSTON X(&)s Y(4:9e15™)a FiP)e 1A, W 4Y)e W{A)s NS{A} A ?
DIMERNSION TABRHR (30C) . TARA (DN Y, TARANT (N7} TAAR (1AM, DRETIANY A E
NIMEFNSTION RESULTIZ2Y TMLay. PEKI1TN™) & 4
NIMENSTON TARTII{S ) TARR] (S0Ye TARPRTI (SN} TARZ[ (=M 1s TARHT (S n =
PDIMENSION TAPAT (57 TABIIT{S ). ¥ALT1™) 7 F3
DIMENSTION US1ITE2N e (2T (27 ). BRI (PMYe HPI (PN PHATZN) A 7
MINMENGTON XSLMIT e TNAN(E Y PPXIS) . 1P¥L5), HEw (B, TPX(R)a DPY(RY A o

Iy APY(S1re BXRIST. DYH (5, RXIME), RPYT(5). n¥T (216 PYA(R) 4] n

REAL MQ].N?,MG.MRQ.MY.MN,MMQ,MQ.MA‘M:F.Mﬁcc.mcqcp.mp.v?n A [ Kol

REAL Mﬁ,MFQ,UAE,MAQcuuﬁrrtovtlﬁ » v
FXTEQNAL =ﬁFY-FOFDqFHFMQ.cnﬁﬁx.FnrﬂwqﬂhﬁﬂxT-FﬂEQXT L

(e laluinly IC0UNT¢IMFTt?)aNﬂ.nﬂnD.Mfovr.an.Lrﬁnc.nth.T:AV A [
COMMAN SRILKT /S PTE,CTaRENS A 14
COMMNN S/BLK?2 S nT!.CTI»TE-fvﬂtnﬁdpaﬁDEFeﬁﬂTl.HFTT A 15
COMMAN /B KA/ T1aRAMA WA, Ta.P8.771 A e
COMMAN ARLKEA 7 1FaNON LI MNE IV LA LLNLE a 17
COMMON SRS ERLTIT 4AT 7T o7 14D [3P A 1A
CAMMPN SR KES PETAL OFTAZ A O
NAMELTST SINPY/ T11plnUﬁluﬁ?anoanLF-Lﬁnﬂﬁqn=nDﬁeU6.DagTa,inr,quu, A Fla)
11QTFT.NIA.MhD1v-x[E.YAC°TM.PND.'rhv.ffvﬁ.HET.IDEnquF(.rMH.ﬁ!nTnﬁT l =
?ANDLDEDQNUMllﬁcllFJ!lJA.'—,."“:LH= A an

CALLL DAYTIM (RESULT)H A =

e A Pa
[ SHMACK TiRF PHAQF A o=
€ A DA
C NDRT1V=0 DENNTFS TMPFREFCT HFELIUM MRIVYFER GAS A o7
C NORTY=1 DENOTES {MPECRFEST HyMROCEN mAS A oA
C A 22
s LA=N DFNOTFS SHOCK TUAF [NPUTS P1.T1at15] LU
cC LAR=1 RFNNTFS SHOCK TIIRE [NDITE D] o, T1.0D7 A A
[ Le=pr DFNOATFES SHOCY TIRF tTRBPYTS D] .T1.PA,TA A s
< A 2n
c wis IS DISTANCE AAWNSTREAM T0MAM PRIMARY NI ADHRAAM A an
C XAS 1S DISTANCE NOWNSTREAM FROM ScrnnDARY NTARHDAAM A as
¢ TS
e ‘NIA 1S SHOCK TURE AR FXDANSIAN Tuas NIAwETSE A e
C DIAT 1S NOZZLFE THROAT NIAMETER A -0
T DIAN 15 NOZZLE TEST errTIAN NLAMETER A G
C A ne
C ISTFT DFENOTES OHASF [T} CALCULATED A at
C ISTFT=N DFNNTES SHNCK TUSS OHASFE ANy A a2
. ISTET=1 DFENOTFS EwPARNSTON THRE PHASE - A a=
~ JSTET=2 MENNTES FwR ARKNS T AR TURKD] DHASE ~ na
g A ae
¢ [5av=1 NENATES UISF OF EEAl, ATR TADE [SELNW,cFARCH) A AR
I [SAyv=2 NENOTES USF 0OF AFDEC FLURVE FITS (SAyE) A AT
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A AR
INU=1 DFNOTFS USF OF TARS FNR FLAW NANIISTEADM Y TY FALC TN DERIAN D A a0
INU=? DFNOTFS USF OF CURVE FITS FAR Sp Nw NONUNMTEARMTITY tw RERJAN 2 4 =

A =1
Lh=1 DFNOTES INCINENT SHACK NONLY A =2
LD=2 DFNOTES STAMDING SHACK NNLY A ="
LO=3 BFNOTEZS RFFLFCTED SHNACK OMLY A =4
LD=z4 DENOTES INCEIDFNTASTANDING. ANM RECLEATER GHARKS A &=

L =e
FOR ISTET=0 AND LD=p, COMDTITIONS T REATANS PaRS,PT.2D PETEQMIMNER A =7

A [ =¥}
[IFxP=1 PDENOTFS USF NE TADE FoR UNSTFANY . CwDANS AN A =0
IFxP=2 DFNOTES USFE NF CURYF FITS rap IINSTEANY ExbDANS T~ .4 o

A A
JAC 15 NUMRBER OF INCREMENTS |JSER IN IINETEARY ExDAMS AN FAD teEwn=y A Y-
JAC HAS MAXIMUN VALUE OF -=2An A !

A ARA
TAC 1S NUMAFR OF TNCRFMENTS USFD TN DNSTEARY C¥DAMNSIAN BAD TEYyD=2 I} as
TAC HAS MAXIMIN VALIIC NF 1 nn [ £ A

L
DELIE IS ATTFNUATION IN [WNTERFACE YELOCITY S, wmsaCe A R

A &n
IRER=1 DFMOTFS SINGLE VALUT OF Us AF [aTeResT AT
TRFP=2 OFNOTFS SFVYFRAL IS NE INTFREST A =1

A T
USTHE I5 US INCREMENT FOR IDFPR=? A TR
NVEL IS TOTAL NUMAFR OF 115 AF INTFREST £AD IRFEP=> A Ta

A 7=
LRFP=1 DENOTFS SINGLE VALIIE NF {)Jf AF IMTEFQeSRT A TR
LRFE=2 DENATFS SFYFRAL s AF INTFOEST A TT

A -
Uat 1S UA INFRFMENT FOAR | OFzD A o
NUMLIS IS TOTAL NUMAFR NF 1)A AF [NTESQEST mAp LRED =2 A an

A a1
1T=8 A Az
Nv =0 A a%
Ril=As1434547 A aa
W=2RA,947 A A=
MM=r A Re
REAR {5+.234% (N A a7
USI:PE:P&:TQ=UR=DR:UE=P6=QCLU¢=ﬂ.ﬂ A an
NMNsNNN=LB=NNPRTYy=0 A -1
NMN:QUN:]QTFT=LF=]FYD=Lﬂ=1§D=t A am
[SAV=IRFP=LRFP= 1Nz A M
Lh=4 A A
NVFL =8 A aa
MM A= 6 A nay
JAC=TAC =80 A ae
Ti=Tw=300, A e
NlA=,1574 A o=
DIAT=,078p A nA
DITAN= 8452 a oq
XI9z4 465 A olAm
XAC=14/,00 A TAt
BNR= . N2=4 A 1R
ISE=a00, A 1A=
UaT1=50, A 1ma
RFEAND (=, TNP) A tAs
IF (FNDFILE Sy 144,2 A 1AR
CONT INUE A 1N
PRINT 235. RFSULT(]) A 1nm
PRINT 234, 1IN A tmaQ
PRINT 148 A 1an
PRINT Y4a0 A 11t
PRINT 150 A 12
PRINT 151 A 1t
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PRINT 152

PRIMT 153 RUNMPTsTIotIS1 40P LA T4, ¥ IS NTATRAY TNl D

IMET (1 y=IMET [P} =0

Leome=1
SSUM=0,
Lip=m
=

Hw=1,00a6F+ 35 Tw

RHO1 =PI #wy /(RU*TT)

Hi =2 49# (RUAWI*T 1
AY=8ART (1 o4 # (RUAWIRTY }
I (LReFQePY RO TN a

IR ITS Py T1a ARND 1S (LP=0)
[NPUTS Ple T1a. AND PRILS=1}

CALL SC (PHNP U2 P2 aH2 aRHOT s USTaP 1 o HT = 15AV)
SPR=cR

T2=TI11

AZ=81

Z7=71

GAMP=MT

M2=(P /AP

M =11S1 /A

RF2=N N

CALLL VISEC ({T2.P2.WIS2)Y
IF (V182.F0ao1oN) GO TN 7
RE2=RHNZ SR /VIS?

CONT TNUE

GO TO At

INPIITS P4, Tao. Plas. AnND T1(LB=2)

Lil=2n0
R=A,1434F+3
IF (MR TV.FOalY O TO §

HEL1OM DRIVFR GAS{NNRIV=0)Y

HWRT="o %

CYRI=1,5
SRFF=4,B024
GAMA=1 o BRABT
WA=4,003
RHOG=(PAt w4y /{RETAY
ALOW= o TO#RHNG

a0 TO A

HYNDAGFN PRIVEFR GAS(NMBTv=1)

HWRT=30:5

CYRI=2,:5

SREF==1.0363

GAMA=1 4

wa=2,016

RHOG= (PA¥Wa ) (RETA,
ALOW= o SORRHOG
AUR=1 o DSERHOG

NELTX= {AUP-ALOW)Y /100,
Fl=.1F=58

CALL BDT (RTACTADBRTADNCTA.D2BT4,NPCTA.Tay
RHDA=1 0 2HRHOG

CALL ITR1 (RHOADFLTXFOFXoF1Ft o2An, ICONDE)Y
IF (ICODE) 7107

GO TO {(Bo9:DeFrs [CONF

PRINT 15a

G TN 1

bkb)bbbhkb-)bbbbbb)b)bbbb)’h)3))})):‘bb)}bbbb‘)‘)bhD)b‘)!’)‘)b)))‘:bbbb>>">>"

114
11F
tre
17
1R
L]
12n
1721
122
1273
174
1o=
1me
127
120
1t =0
13n
11
122
1
T4
1A=
1R
12
1A
179
Tan
14t
147
147
144
148
1as/
1A7
148
TAC
1&n
151
187
Tl..‘.'1
1=4
1=
18R/
1=
1ER
129
TAan
11
187
147
144
1A%
1A/
| NS
1&R
19
17N
11
172
177
17a
1 PE
176
177
1 7R
172
1RN

47



48

10

14

15

17
18

19

2n
21
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PRINT 155, 1CODE

onoTo 1

Z4=1 + +RHOAXRATA+RHOAXR2XC TA

HAa=(R¥T4/WAY ¥ (HWRTH+RHOAX (RTA4=TA¥NATA I+ (RHNARRP /P . 1R (2 X0 TA-TaAXNCTA
19
S4R=CVRIFALOGITA)-ALOGIRHNA I =RHOA X (RTA+TAXNRTA ) — (DHOARED /P 4 VR (- TA4
1TA*¥NCTE4 Y 4+SRFF
CVR=CVRI-TA4X(RHOAR (2, *DETA+TADZRTAI+H (RHOARED /D o 1 # (P ¥NCTA+TL¥N2CT
141
PPTQ:(RHOA*R/W&!*I]-+RH04*(HT4+T4*nRT4)+fDHna**?)*rrT4+Ta*nCTd))
PPRT=(TARR/WAIR (1 a+2 s ¥RHNARBTA+I 4 XDHOARE 2T 4
AA=S5ORT(PPRTA((TA*¥ WA )/ (CVURIPREHOAXR2 ) ) RPDTORED )

TARTI(1)=Ts

TARPI (Y )=R4

TARRI {'1 y=RHON4

TARZI {Vy=24

TARHMT (1 Yy=H4

TARATI{L y=1.-84

TSC=ALOGINITA)

NELT=TSC/8N,

NU=1

DO 11 22,50

TABTI{IY=TSC-FLOAT(I-1¥DFLT

TABTI (I 1=10.,%%¥TARTI (11

CONT INUE

AUP=1+1%RHOA

ALOW=1sE=6

DELR={AUP-A]_Ow) /200,

RI=RHOA

PO 17T 1=2.w0

TI=TABT1I(I)

IF (TIaLT43e) GO TO 1